Formes K, Zhang P, Tierney N, Schaller F, Shi X. Chronic physical activity mitigates cerebral hypoperfusion during central hypovolemia in elderly humans. Am J Physiol Heart Circ Physiol 298: H1029 -H1037, 2010. First published December 31, 2009 doi:10.1152/ajpheart.00662.2009.-This study sought to test the hypothesis that orthostasis-induced cerebral hypoperfusion would be less severe in physically active elderly humans (ACT group) than in sedentary elderly humans (SED group). The peak O2 uptake of 10 SED (67.1 Ϯ 1.4 yr) and 9 ACT (68.0 Ϯ 1.1 yr) volunteers was determined by a graded cycling exercise test (22.1 Ϯ 1.2 vs 35.8 Ϯ 1.3 ml·min Ϫ1 ·kg Ϫ1 , P Ͻ 0.01). Baseline mean arterial pressure (MAP; tonometry) and middle cerebral arterial blood flow velocity (VMCA; transcranial Doppler) were similar between the groups (SED vs. ACT group: 91 Ϯ 3 vs. 87 Ϯ 3 mmHg and 54.9 Ϯ 2.3 vs. 57.8 Ϯ 3.2 cm/s, respectively), whereas heart rate was higher and stroke volume (bioimpedance) was smaller in the SED group than in the ACT group. Central hypovolemia during graded lower body negative pressure (LBNP) was larger (P Ͻ 0.01) in the ACT group than in the SED group. However, the slope of V MCA/LBNP was smaller (P Ͻ 0.05) in the ACT group (0.159 Ϯ 0.016 cm/s/Torr) than in the SED group (0.211 Ϯ 0.008 cm/s/Torr). During LBNP, the SED group had a greater augmentation of cerebral vasomotor tone (P Ͻ 0.05) and hypocapnia (P Ͻ 0.001) compared with the ACT group. Baseline MAP variability and V MCA variability were significantly smaller in the SED group than in the ACT group, i.e., 0.49 Ϯ 0.07 vs. 1.04 Ϯ 0.16 (mmHg) 2 and 1.06 Ϯ 0.19 vs. 4.24 Ϯ 1.59 (cm/s) 2 , respectively. However, transfer function gain, coherence, and phase between MAP and V MCA signals (Welch spectral estimator) from 0.08 -0.18 Hz were not different between SED (1.41 Ϯ 0.18 cm·s Ϫ1 ·mmHg Ϫ1 , 0.63 Ϯ 0.06 units, and 38.03 Ϯ 6.57°) and ACT (1.65 Ϯ 0.44 cm·s Ϫ1 ·mmHg Ϫ1 , 0.56 Ϯ 0.05 units, and 48.55 Ϯ 11.84°) groups. We conclude that a physically active lifestyle improves the intrinsic mechanism of cerebral autoregulation and helps mitigate cerebral hypoperfusion during central hypovolemia in healthy elderly adults. cerebral vasomotor tone; hypocapnia; transfer function gain; lower body negative pressure CEREBRAL HYPOPERFUSION, indicated by a decrease in middle cerebral arterial blood flow velocity (V MCA ), occurs with orthostasis-induced central hypovolemia during upright standing (10, 11, 14, 18, 20, 23, 40), head-up tilt (21, 29, 30, 38), or lower body negative pressure (LBNP) (13, 15, 26, 53) . Deterioration of cerebral autoregulation or cerebral perfusion may be associated with orthostatic intolerance with or without pathophysiological conditions (14, 15, 20, 29, 53 ). Since healthy senescence (i.e., primary aging) is commonly accompanied by chronic physical inactivity (i.e., secondary aging), we hypothesized that an improved physical fitness level as a result of a physically active lifestyle or chronic physical activity would help mitigate the age-related cardiovascular dysfunction and protect cerebral perfusion during orthostatic stress in elderly adults. However, there were scant data with regard to the effect of physical fitness on cerebral blood flow in relation to the systemic hemodynamic response during orthostatic challenge in the elderly population. A previous study (9) indicated that the response of V MCA during orthostatic stress simulated by LBNP was not different between fit and unfit older adults, because there was no change in V MCA observed in either group during steady-state LBNP (9). Based on previous observations (4, 5, 13, 18, 23, 26, 50) , we postulated that there would be a cerebral hypoperfusion during upright or LBNP-simulated orthostatic stress in older subjects as a result of central hypovolemia and hyperventilation-elicited hypocapnia.
CEREBRAL HYPOPERFUSION, indicated by a decrease in middle cerebral arterial blood flow velocity (V MCA ), occurs with orthostasis-induced central hypovolemia during upright standing (10, 11, 14, 18, 20, 23, 40) , head-up tilt (21, 29, 30, 38) , or lower body negative pressure (LBNP) (13, 15, 26, 53) . Deterioration of cerebral autoregulation or cerebral perfusion may be associated with orthostatic intolerance with or without pathophysiological conditions (14, 15, 20, 29, 53) . Since healthy senescence (i.e., primary aging) is commonly accompanied by chronic physical inactivity (i.e., secondary aging), we hypothesized that an improved physical fitness level as a result of a physically active lifestyle or chronic physical activity would help mitigate the age-related cardiovascular dysfunction and protect cerebral perfusion during orthostatic stress in elderly adults. However, there were scant data with regard to the effect of physical fitness on cerebral blood flow in relation to the systemic hemodynamic response during orthostatic challenge in the elderly population. A previous study (9) indicated that the response of V MCA during orthostatic stress simulated by LBNP was not different between fit and unfit older adults, because there was no change in V MCA observed in either group during steady-state LBNP (9) . Based on previous observations (4, 5, 13, 18, 23, 26, 50) , we postulated that there would be a cerebral hypoperfusion during upright or LBNP-simulated orthostatic stress in older subjects as a result of central hypovolemia and hyperventilation-elicited hypocapnia.
The present study was designed to compare cerebral hemodynamic responses in relation to the change of systemic cardiovascular function during the challenge of mild to moderate LBNP between healthy sedentary elderly adults (SED group) and physically active elderly adults (ACT group). Although LBNP only simulates orthostasis, it allows graded changes in central blood volume without alteration of the hemodynamic reference point and isolates the cardiovascular responses without additional stimulus of the balance function or vestibular mechanism. During the study, changes in V MCA were continuously monitored using transcranial Doppler (TCD) sonography along with cardiac output (Q) and forearm blood flow (FBF) responses and breath-by-breath end-tidal PCO 2 (PET CO 2 ). In addition, baseline dynamic cerebral autoregulation was assessed by transfer function gain between mean arterial pressure (MAP) variability and V MCA variability, which was compared between the groups.
METHODS
Subjects. Ten healthy, average fit sedentary (6 men and 4 women; SED group) and 9 physically active (6 men and 3 women; ACT group) elderly adults voluntarily participated in the study after giving their informed consent and passing a physical examination (see Table 1 for their physical characteristics). Although group age was not different between the sedentary (67.1 Ϯ 1.4 yr) and physically active (68.0 Ϯ 1.1 yr) subjects, body mass index was greater (P Ͻ 0.05) in the SED group (29.5 Ϯ 1.6) than in the ACT group (22.9 Ϯ 0.7). The study protocol was approved by the Institutional Review Board for the Protection of Human Subjects of the University of North Texas Health Science Center (Fort Worth, TX). All subjects were clinically confirmed to be free of cardiovascular, metabolic, renal, and pulmonary diseases and symptoms before the exercise stress test. Before the medical examination, ϳ10% of subjects who had given their consent and medical/health history were excluded from the study because of taking medications, such as adrenergic blockers or diuretics, which could directly interfere with arterial baroreflex function or cardiovas-cular homeostasis. About 25% of the elderly subjects failed to pass the medical examination. Physical fitness was determined by 1) the subject's peak O 2 uptake (VacuMed Vista VO2 Lab, Ventura, CA), measured during graded maximal cycling exercise on a stationary bicycle; 2) the physical activity history from the subject's self-report in the medical/health history questionnaire; or 3) both. Elderly subjects with a peak O 2 uptake of Յ28 or Ն30 ml·min Ϫ1 ·kg Ϫ1 were considered sedentary or physically active, respectively. Peak O2 uptake was significantly different (P Ͻ 0.0001) between the groups, ranging from ϳ18 to ϳ28 ml·min Ϫ1 ·kg Ϫ1 (average of 22.1 ml·min Ϫ1 ·kg Ϫ1 ) in the SED group and ranging from ϳ30 to ϳ40 ml·min Ϫ1 ·kg Ϫ1 (average of 35.8 ml·min Ϫ1 ·kg Ϫ1 ) in the ACT group, respectively. Two SED subjects described themselves as exercise trained or physically active. No ACT subject reported himself/herself as physically inactive or untrained (see Table 1 ). Before the experimental testing, all subjects had an orientation in the laboratory to familiarize with themselves with the experimental procedures and measurements applied in the study. During the orientation visit, ϳ70% of healthy elderly subjects were able to produce a desirable V MCA signal.
Measurements. During the experiment, each subject's heart rate (HR) was monitored from a standard lead of the ECG. Radial arterial blood pressure (ABP) was measured using a tonometer (model 7000 Tonometry Colin, San Antonio, TX). This method has been previously validated to be accurate for the noninvasive measurement of ABP compared with directly measured ABP (34, 49) . Thoracic impedance was monitored by four tetra polar electrodes, 3/4-in.-wide Mylar tape strips, placed around the neck and lower chest (EBI100C, Biopac, Santa Barbara, CA). Previous data have confirmed that a change in the thoracic bioimpedance is a reliable index of changes in central blood volume or stroke volume (SV) (7, 32, 47) . FBF was measured by venous occlusion plethysmography using a doublestranded mercury-in-Silastic strain gauge (Hokanson, Bellevue, WA), the measurement of which has been repeatedly applied in our previous studies (41) (42) (43) . V MCA was determined by TCD sonography using a 2-MHz probe (EZ-Dop DWL System) placed on the left temple window of the head. Regional cerebral tissue oxygenation (RC O 2 ) of the prefrontal cortex was monitored using near-infrared spectroscopy by a sensor placed on the right side of the forehead (4100 INVOS Cerebral Oximeter, Somanetics, Troy, MI). The position and angle of the TCD probe was fixed to the head using a custom-made ring held by a Velcro band throughout the test as previously described (13) . Systemic arterial O 2 saturation (SaO 2 ) was measured by an arterial pulse oximeter (OXY100C, Biopac). The fraction of end-tidal CO2 (FETCO 2 ) in a subgroup of the SED (n ϭ 8) and ACT (n ϭ 7) groups was continuously monitored via a nasal cannula using a mass spectrometer (1100 Medical Gas Analyzer, Perkin-Elmer, St. Louis, MO). PET CO 2 was calculated from the product of ambient barometric pressure (corrected with vapor pressure) and FETCO 2 . All these analog data were digitized at 400 Hz and continuously monitored by a computer interfaced with a data-acquisition system (Biopac). Total peripheral resistance (TPR), forearm vascular resistance (FVR), and the index of cerebral vascular resistance (CVR) were derived offline from the ratios of MAP to Q, MAP to FBF, and MAP to V MCA, respectively.
Procedures. The experiment was carried out with the subject's lower body supported in an airtight LBNP box in the supine position at a room temperature of 24 -25°C. After Ն20 min of supine rest, the subject's baseline HR, SV, ABP, V MCA, RCO 2 , SaO 2 , and FETCO 2 data were continuously recorded for 6 min; meanwhile, four to five FBF curves were collected after ϳ45 s of the wrist cuff being inflated and maintained at ϳ200 mmHg to arrest the circulation of the hand. After the baseline data collection, graded LBNPs of Ϫ10, Ϫ15, Ϫ20, Ϫ30, Ϫ40, and Ϫ50 Torr were continuously applied, and each grade of LBNP was maintained for 6 min. Two SED subjects and 1 ACT subject did not complete the whole LBNP ramp because of the appearance of presyncope. Cardiovascular variables and FET CO 2 were continuously monitored during LBNP.
Data analyses. A section of 5-min continuous V MCA and MAP data under the supine resting condition was selected for transfer function analysis using the Welch spectral estimator (35) Subjects were divided into physically active/exercise-trained (ACT) and sedentary/untrained (SED) groups. M and F indicate male and female, respectively. Lifestyle, duration of exercise training, type of physical exercise, exercise frequency, and time were reported by the subjects.
of H(f) [HR(f) and HI(f), respectively] were used to calculate the magnitude or gain, i.e., H(f)G as follows:
The time relationship or phase [(f)] between MAP and VMCA signals was calculated as follows:
, where AS(VMCA) is the autospectrum VMCA variability. Transfer function magnitude, phase, and coherence between the 0.08-and 0.18-Hz spectrum (where the group average coherence was Ն0.5) along with V MCA variability and MAP variability were extracted and compared between the groups. This spectral range (i.e., 0.08 -0.18 Hz) of the transfer function data between MAP and V MCA variabilities is below normal breathing frequency and has been selected for the assessment of dynamic cerebral autoregulation (3, 51, 53) . In addition, baseline low-frequency (LF; 0.05-0.15 Hz) and high-frequency (HF; 0.16 -0.40 Hz) HR variability were analyzed as described in our previous studies (8, 49) .
Differences in baseline data between the groups were determined by the two-tailed t-test with two independent samples. Two-way ANOVA for repeated measures was applied to determine the significance of LBNP and fitness factors on cardiovascular and respiratory responses. Assessment of the relative changes (i.e., the responses) allowed us to minimize the influence of individual variance between or within the groups and to normalize the responses with different units. Post hoc analysis with Tukey's option was applied when the major factor reached significance (i.e., P values of Յ0.05). Simple linear regression was applied for assessment of the relationship (i.e., slope) between two variables. A general linear model procedure was applied for the comparison of the slopes between SED and ACT subjects and for the assessment of the interaction between LBNP and fitness factors. All data are reported as group means Ϯ SE. Statistic Analysis System softward (Cary, NC) was applied for statistical analyses.
RESULTS
Baseline data. Baseline ABP was not significantly different between the two elderly groups. However, HR was lower (P ϭ 0.010) and SV was greater (P ϭ 0.011) in ACT subjects than in SED subjects (Table 2) . Baseline V MCA and RC O 2 were statistically similar between SED and ACT groups. The breathing rate at rest was faster (P ϭ 0.025) in SED subjects than in ACT subjects, whereas baseline PET C O 2 was not significantly different between the groups ( Table 2) .
The baseline power spectral density (between 0.08 and 0.18 Hz) of V MCA variability and MAP variability were significantly smaller in the SED group than in the ACT group, i.e., 1.06 Ϯ 0.19 vs. 4.24 Ϯ 1.59 (cm/s) 2 (P ϭ 0.051) and 0.49 Ϯ 0.07 vs. 1.04 Ϯ 0.16 (mmHg) 2 (P ϭ 0.004), respectively. However, their transfer function magnitude (or gain), coherence, and phase were not significantly different between the groups (Fig. 1 48 .55 Ϯ 11.84°(P ϭ 0.44), respectively. However, both VMCA variability and MAP variability were significantly greater in ACT subjects than in SED elderly subjects. The two vertical dashed lines define the spectrum between 0.08 and 0.18 Hz from where the frequency-domain data were extracted and compared between the groups. Two SED subjects and two ACT subjects have coherence Ͻ 0.5; their data were excluded from transfer function analysis. Therefore, the number of subjects in the data of VMCA variability and MAP variability was n ϭ 10 and 9, whereas for the transfer function magnitude, coherence, and phase, the number of the subjects was n ϭ 8 and 7, in the SED and ACT groups, respectively. LBNP effects. In both SED and ACT groups, SV was progressively decreased (P ϭ 0.0001) with graded LBNP (Fig. 2) , indicating central hypovolemia. HR was progressive increased above the LBNP of Ϫ20 Torr as a result of unloading arterial baroreceptors. Decreases in Q, V MCA , and FBF were significantly (P Ͻ 0.05) correlated with LBNP or central hypovolemia, which were associated with significant increases in TPR, FVR, and CVR, respectively, in both subject groups (Fig. 3) . However, LBNP-elicited central hypovolemia did not cause significant changes in MAP (P Ͼ 0.05) in either group (Fig. 2) , which was likely compensated for by a vasoconstriction stimulated by the baroreflex-mediated sympathoexcitation (22, 36) . Neither systolic blood pressure nor diastolic blood pressure was statistically affected by LBNP. Although Sa O 2 was not significantly altered (P Ͼ 0.05), RC O 2 was significantly decreased (P Ͻ 0.05) in both SED and ACT groups during LBNP (Fig. 2) . Hypocapnia was observed, as indicated by a progressive decrease in PET CO 2 during graded LBNP (Fig. 4) . Significant decreases in PET CO 2 appeared at Ϫ20 Torr of LBNP in both SED (Ϫ1.57 Ϯ 0.44 mmHg) and ACT (Ϫ1.36 Ϯ 0.39 mmHg) groups. The decreases in PET CO 2 were augmented with further increases in LBNP, e.g., Ϫ4.07 Ϯ 1.29 and Ϫ2.23 Ϯ 0.64 mmHg at Ϫ50 Torr in SED and ACT subjects, respectively.
Fitness effects. Decreases in SV during LBNP were significantly more severe in the ACT group than in the SED group (Fig. 2) , whereas the tachycardiac responses were significantly greater in the ACT group than in the SED group, indicating sensitized baroreflex control of HR in the exercise-trained elderly adults. The slopes of Q/LBNP and TPR/LBNP were not different between SED and ACT subjects. However, the rate of decreases in V MCA per unit change in LBNP were greater (P ϭ 0.025) in SED subjects (slope: 0.375 Ϯ 0.014%/Torr, R 2 ϭ 0.99) than in ACT subjects (slope: 0.289 Ϯ 0.029%/Torr, R 2 ϭ 0.95). In addition, the rate of increases in CVR per unit change in LBNP were significantly greater (P ϭ 0.039) in SED subjects (slope: Ϫ0.449 Ϯ 0.057%/Torr, R 2 ϭ 0.90) than in ACT subjects (slope: Ϫ0.275 Ϯ 0.046%/Torr, R 2 ϭ 0.88). Neither the slopes of FBF/LBNP nor the slopes of FVR/LBNP were statistically different between SED and ACT subjects (see Fig. 3 ).
During graded LBNP, the rate of decreases in PET CO 2 (i.e., the slope) was significantly greater (P ϭ 0.0008) in SED subjects (0.088 Ϯ 0.008 mmHg/Torr, R 2 ϭ 0.96) than in ACT subjects (0.039 Ϯ 0.006 mmHg/Torr, R 2 ϭ 0.88; see Fig. 4 ). However, the slopes of CVR and V MCA in response to PET CO 2 during LBNP were not significantly different between the two groups (Fig. 5) .
Although the slopes of %⌬FVR/%⌬TPR during graded LBNP were not significantly different (P ϭ 0.166) between SED (1.83 Ϯ 0.18, R 2 ϭ 0.95) and ACT (1.49 Ϯ 0.15, R 2 ϭ 0.95) groups (Fig. 6, top left) , the rate of augmented CVR in terms of per unit increase in TPR (i.e., the slope of %⌬CVR/ %⌬TPR) was significantly greater (P ϭ 0.0476) in SED subjects (0.84 Ϯ 0.14, R 2 ϭ 0.88) than in ACT subjects (0.45 Ϯ 0.11, R 2 ϭ 0.77; Fig. 6 , bottom left). The slopes of %⌬FBF/ %⌬Q (Fig. 6, top right) and %⌬V MCA /%⌬Q (Fig. 6 , bottom right) tended to be greater in the SED group than in the ACT group.
DISCUSSION
The present study provides two novel findings. First, the cerebral hypoperfusion that occurred during mild to moderate LBNP was less severe in ACT elderly subjects compared with Fig. 2 . Changes in stroke volume (SV), heart rate (HR), MAP, regional cerebral tissue oxygenation (RCO 2 ), and systemic arterial O2 saturation (SaO 2 ) during lower body negative pressure (LBNP). Graded decreases in SV were associated with progressive increases in LBNP (P ϭ 0.0001), suggesting central hypovolemia in response to LBNP-simulated orthostatic challenge. This decrease in SV appeared more substantial in the ACT group than in the SED group (P ϭ 0.0006). *Significant difference between the groups. A tachycardiac response occurred from a LBNP of Ϫ30 Torr (P ϭ 0.0001). This baroreflex-mediated HR was significantly more sensitive in the ACT group in than the SED group (P ϭ 0.0003). MAP was similarly maintained during LBNP in both fitness groups (P ϭ 0.89). RCO 2 was diminished during LBNP (P ϭ 0.0187), which was not significantly different between the groups (P ϭ 0.19). The change in SaO 2 was not significantly altered by LBNP (P ϭ 0.35), which appeared to become higher in the SED group compared with the ACT group (P ϭ 0.0241).
SED elderly subjects. This finding appears to suggest that an enhanced cardiovascular-respiratory fitness of healthy seniors resulting from a physically active lifestyle or chronic physical activity may help protect the brain against hypoperfusion under orthostatic stress. Second, baseline MAP variability and V MCA variability were significantly smaller in SED elderly subjects than ACT elderly subjects, although the transfer function magnitude or gain between MAP and V MCA signals was not different between the two groups under the resting condition.
During orthostatic challenge, there are three factors likely involved in a subsequent cerebral hypoperfusion or reduction of cerebral blood flow. First, the reduction of venous return and resulting reduction of Q restrict the systemic availability of circulating blood flow (5, 13, 18, 26) . Second, baroreflexmediated sympathoexcitation may increase cerebral vasomotor tone along with an augmented TPR (2, 13, 21, 26) . This neurogenically augmented CVR would reduce V MCA in the presence of stable or falling MAP. Third, hypocapnic hyperventilation, as indicated by a decrease in PET C O 2 , stimulates cerebral vasoconstriction (21, 24, 38) . This chemogenically augmented CVR would also cause a diminution of cerebral blood flow.
Since the LBNP-induced reductions of SV and Q tended to be greater in the ACT group than in the SED group in the present study, the altered systemic flow availability was not likely a responsible mechanism for the difference in cerebral hypoperfusion observed between the two groups. During graded LBNP, TPR appeared to be similarly augmented in both SED and ACT elderly subjects. These data suggested that the sympathoexcitation-mediated augmentation of total peripheral vasomotor tone was comparable between the groups. Therefore, a difference in sympathoexcitation and its neurogenic influence during LBNP was unlikely to be the factor responsible for the difference in cerebral hypoperfusion between the groups. However, in terms of per unit increase in TPR, the rate of the augmented CVR during LBNP was significantly greater in SED than in ACT subjects (Fig. 6 ). These data implied that the function of cerebral autoregulation could be diminished in the SED group and that the cerebral regional mechanism could be less effective to protect cerebral perfusion against the augmented cerebral vasomotor tone during LBNP. Alternatively, cerebral vasomotor tone could have been stimulated by a greater chemogenic influence (i.e., decrease in PET CO 2 ) in the SED group during LBNP. The present study indicated that the decrease of PET CO 2 or LBNP-elicited hypocapnia was greater in SED than in ACT subjects (see Fig. 4 ). Hypocapnia manifested by decreases in PET CO 2 or arterial PCO 2 during orthostasis has been reportedly to be partially explained by a reduction of Q (11, 38) or sympathetic activation (21) . However, the changes in Q and TPR (an index of sympathetic-stimulated vasomotor tone) during LBNP were not different between the groups (Fig. 3) . Although the sensitivity of increase in CVR and decrease in V MCA in response to hypocapnia during orthostatic challenge (based on the slopes of %⌬CVR/PET CO 2 and %⌬V MCA /PET CO 2 ) were not significantly different between SED and ACT subjects (Fig. 5) , whether any acute adaptation to hypocapnia (19) occurred during LBNP and whether this adaption affected the subjects differently based on fitness level are not known. Since graded hypocapnia occurred with progressive increases in LBNP intensity (Fig. 4) , which was significantly correlated with the changes in CVR or V MCA in both groups (Fig. 5) , our data suggested that hypocapnia remained potent on cerebral vasomotor tone in the present experimental setting. Based on the data that the diminished PET CO 2 was significantly smaller in the ACT group compared with the SED group, we suggested that a difference in hypocapnia elicited by LBNP was likely a mechanism responsible for the different cerebral hypoperfusion between SED and ACT groups, in addition to the function of cerebral autoregulation and the reduction of venous return. Previously, Ide et al. (16) observed a peak slope of V MCA / PET CO 2 of ϳ2.5%/mmHg during hypocapnia-elicited changes in V MCA without central hypovolemia, which was much smaller than the slopes of V MCA /PET CO 2 in both the SED (4.3%/mmHg) and ACT (6.2%/mmHg) elderly groups in the present study. Collectively, these data implied that a portion of the ϳ50% decrease in V MCA or increase in CVR during LBNP in the present study could be explained by central hypovolemia or its reflex sympathoexcitation. An alternative explanation for the difference in cerebral hypoperfusion between the two elderly groups during LBNP in the present study may involve a cerebral regional or intrinsic mechanism that differently counteracts the augmentation of cerebral vasomotor tone induced by hypocapnia or sympathoexcitation. Evidence that this cerebral regional mechanism was effective is manifested by a smaller increase in CVR compared with TPR in both SED and ACT subjects during LBNP (Fig. 6 ) with the presence of hyperventilation-elicited hypocapnia. However, in terms of per unit increase in TPR, the rate of augmentation of CVR was significantly smaller in ACT than in SED subjects, indicating a potential difference in the activation of a cerebral regional mechanism.
The transfer function magnitude between beat-to-beat MAP and V MCA variabilities has been considered as a gain of dynamic cerebral autoregulation (28, 40, 52, 53) . Under the supine resting condition, there were no differences in transfer function gains between SED and ACT groups (Fig. 1) . However, the beat-to-beat oscillations in both MAP and V MCA spectral power were significantly smaller in the SED group compared with the ACT group in the present study. These data suggested that the beat-to-beat MAP variability and V MCA variability of the SED group oscillated within a much narrower range, although the gain or sensitivity of the dynamic cerebral autoregulation at rest was not different between the two elderly groups (Fig. 1) . The mechanism for a smaller baseline MAP variability observed in the SED group is not fully understood. It may be related to a greater stiffness of arterial blood vessels associated with aging, which appears to be favorably alleviated or reversed after chronic exercise training in older adults (6, 37, 46) . Another possibility for the smaller MAP variability in the SED group may be related to a diminished HR variability, which was significantly smaller in the SED group compared with their ACT cohort. Although ABP variability precedes HR variability, the latter may also conversely exert its influence on beat-to-beat ABP oscillation in the closed cardiovascular system when MAP is less affected by sympathetic nerve activity under the supine resting condition. This postulation seems to be supported by the observation that ABP variability is significantly diminished after the impairment of HR variability with vagal-cardiac blockade using atropine or glycopyrrolate (49) .
Cerebral hypoperfusion is one mechanism responsible for orthostatic intolerance (14, 15, 20, 26, 29, 48) . For example, patients with idiopathic orthostatic intolerance show a greater decrease in V MCA and a greater increase in CVR compared with age-and sex-matched healthy adults during graded orthostatic stress simulated by head-up tilt (20) . The better maintained cerebral perfusion observed in the elderly ACT group compared with the elderly SED cohort in the present study seems to be contrary to the belief that "trained man can run, but they cannot stand" (12) . More incidence of orthostatic intolerance in high-fit younger subjects has been observed compared with their age-matched healthy, average-fit counterparts, which has been reportedly related to a greater cardiac compliance (27) that compromises SV output (25) and a diminished baroreflex sensitivity that compromises tachycardiac and vasoconstrictive responses (33) . As a result, the fitness-related cardiovascular alternations in younger athletes may compromise their orthostatic tolerance and cerebral perfusion during orthostatic stress. However, the present study (Fig. 2) and our previous data (44) have indicated that baroreflex function appeared to be enhanced in elderly subjects with a physically active lifestyle. This observation was opposite to the difference in arterial baroreflex sensitivity between younger high-fit and average-fit subjects, which has been shown to be diminished after exercise training based on both cross-sectional and longitudinal comparisons (31, 33, 45) . Although left ventricular compliance is greater in master athletes than in healthy sedentary seniors, a difference in compliance is not distinguishable between elderly high-fit and young average-fit subjects (3) . Collectively, these data suggest that exercise training prevents the impact of the normal aging process on the heart and on baroreflex sensitivity. This may help maintain the cardiovascular function of physically active seniors at a level comparable with that of healthy sedentary younger subjects. Therefore, we postulate that the impact of physical fitness on the regulation of cerebral blood flow during orthostasis is age specific. Chronic physical activity counteracts secondary aging and provides more protection against cerebral hypoperfusion during orthostatic challenge in elderly people. However, a previous study (9) did not detect a fitness-related difference in V MCA during steady-state LBNP in healthy elderly subjects. An important factor in this discrepancy is that V MCA was constantly maintained during mild to moderate LBNP in both old fit and old unfit subjects in the previous study (9) , whereas V MCA was progressively decreased with central hypovolemia in both SED and ACT subjects in the present study (Fig. 2) . Our data suggested that the intrinsic mechanism of cerebral autoregulation could be diminished in the SED group compared with their ACT cohort. Also, greater hypocapnia in the SED group was a factor causing greater cerebral hypoperfusion during central hypovolemia.
The present study has some potentially important implications. Habitual exercise not only provides a beneficial influence on overall cardiovascular conditioning but also mitigates cerebral hypoperfusion in elderly adults during an orthostatic challenge. Physiologically, this provides a margin of safety against orthostatic intolerance. Nonetheless, the present study was limited to a cross-sectional comparison. A longitudinally designed study is needed to more definitively distinguish the impact of secondary aging from primary aging on cerebral In both SED and ACT groups, the slopes of %⌬FVR/%⌬TPR and %⌬FBF/%⌬Q were Ͼ1.0 or above the identity line, whereas the slopes of %⌬CVR/%⌬TPR and %⌬VMCA/%⌬Q were Ͻ1.0 or below the identity line, indicating a preferential protection against excessive cerebral vasoconstriction or cerebral hypoperfusion mediated by the intrinsic or regional mechanisms of cerebral autoregulation during LBNP. However, the slopes of %⌬CVR/%⌬TPR and %⌬VMCA/%⌬Q were more parallel with the identity line in the SED group compared with the ACT group, indicating a diminished function of cerebral autoregulation during central hypovolemia.
hypoperfusion during central hypovolemia. Also, only mild to moderate LBNP was applied to simulate orthostasis in the present study, which could not produce the true orthostatic impact on venous return (or ventilation) and orthostatic intolerance. Another limitation of the study was that the change in PET CO 2 was determined for hypocapnia during LBNP. Although this noninvasive method was commonly applied in previous studies (1, 11, 16 ) and highly correlated with arterial blood CO 2 (18, 19, 39) , direct systemic hypocapnia may be overestimated by PET CO 2 (18, 38) .
In conclusion, improved physical fitness resulting from a physically active lifestyle or chronic physical activity in elderly adults mitigates cerebral vasoconstriction and hypoperfusion during central hypovolemia. Our data indicate that the intrinsic mechanism of cerebral autoregulation may be improved, along with the sensitized arterial baroreflex control of HR, in the physically active elderly compared with the sedentary elderly adults. This adaptive change may help prevent orthostatic intolerance in physically active elderly people, which is different from the observation made in their younger counterparts.
